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Understanding molecular mechanisms that control cell fate in the
shoot apical meristem is a fundamental question in plant devel-
opment. Genetic and molecular studies demonstrate that maize
KNOTTED1 (KN1) of the TALE (3-aa acid loop extension) class of
homeodomain (HD) proteins is involved in shoot apical meristem
function. We show that KN1 interacts with knotted interacting
protein (KIP), a BEL1-like TALE HD protein. Interaction between
KN1 and KIP is mediated by conserved domains in the N termini of
both proteins. The KN1 DNA-binding sequence, TGACAG(G/C)T,
was biochemically identified, and in vitro DNA-binding assays
show that individually KN1 and the HD of KIP bind specifically to
this motif with low affinity. The KN1-KIP complex, however, binds
specifically to this DNA-binding motif with high affinity, indicating
that the association of KN1 and KIP may function in transcriptional
regulation.

In plants, development of the aerial shoot is controlled by a
group of cells in the shoot apex called the shoot apical
meristem (SAM). The SAM is the site where organogenesis is
initiated and from which leaves, flowers, or other determinate
structures are produced. Because plant development is a con-
tinuous process, the SAM must balance the process of differ-
entiation and maintenance to allow growth.

Maize knottedl (knl) and the Arabidopsis ortholog SHOOT-
MERISTEMLESS (STM) are members of the knox family of
genes that are required for SAM function (1). The expression of
knl and STM is restricted to the indeterminate cells of the SAM.
Moreover, this pattern of expression is excluded from the zone
of the SAM that gives rise to organs (2, 3). Loss-of-function
mutations in kn/ and STM produce a shootless phenotype, where
the SAM prematurely terminates after initiating cotyledons,
demonstrating that knl and STM function in meristem mainte-
nance (3-5). In backgrounds where some shoot formation
occurs, organ production is reduced, indicating that vegetative
and inflorescence meristems are compromised (4, 6-8). In
addition to maintenance functions, class 1 knox genes, including
knl, are capable of respecifying cell fates when ectopically
expressed in the leaf (1). Studies that support this hypothesis
come from analysis of dominant mutations in the maize knox
genes, knl, rough sheathl (rsl), liguleless3 (Ig3), and gnarleyl
(gnl) (9-12). Each of these phenotypes is caused by ectopic leaf
expression, resulting in proximal leaf cell identities transposed
distally into the blade (1, 13).

The knox gene family was the first group of plant genes
identified that encodes homeodomain (HD) proteins (14). In
animals, HD-containing proteins function as transcription fac-
tors that are important regulators of animal cell fate and
development (15). The HD is a conserved structure that contains
three a helices, and a sequence motif in the third helix recognizes
and binds to the appropriate DNA sequence (15). Amino acid
sequence comparison studies have subdivided the HD family
into two classes of proteins: the typical HD class and the TALE
(3-aa loop extension) class (16). KNOX proteins are members of
the TALE class.

In addition to the HD, KNOX proteins contain a conserved
bipartite domain in the N terminus that contains significant
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sequence similarity to the N-terminal domain in a family of
TALE HD proteins found in animals. These proteins, collec-
tively referred to as MEIS, include the myeloid ecotropic viral
integration site (MEIS) and pre-B cell homeobox (PBX)-
regulating protein 1 (PREP1) family in vertebrates and Homo-
thorax (HTH) in Drosophila (16). This observation suggests that
the MEIS and KNOX proteins were derived from a common
ancestral gene, and that these domains may have similar bio-
chemical functions. This homologous domain is referred to as the
MEINOX domain (16).

The biochemical function of the MEINOX domain in MEIS
proteins is to mediate heterodimerization with another group of
TALE HD proteins, PBX in vertebrates and extradenticle
(EXD) in Drosophila (17-21). Heterodimerization of MEIS and
PBX have at least three functions in the cell. First, studies suggest
that this interaction occurs in the cytoplasm, because nuclear
import depends on heterodimerization (21-26). Second, like
most HD proteins, MEIS and PBX monomers bind specifically
to their DNA-binding motifs with low affinity; however, the
affinity is greatly increased when they cooperatively bind to their
appropriate DNA sequences as a heterodimer (17-21, 26).
Lastly, this interaction is important for protein stability (27, 28)
and in Drosophila, hth and exd mutants have strikingly similar
phenotypes (22, 24, 29-31). Taken together, these studies
strongly suggest that the MEIS-PBX heterodimer can be de-
scribed as a single functional unit (32).

Recently two-hybrid studies have indicated that KNOX pro-
teins interact with BEL1-like (BELL) proteins, another class of
TALE HD proteins found in plants (33, 34). The mRNA
expression patterns of KNOX and BELL proteins overlap in
meristems, indicating that they may potentially interact in vivo.
However, the biochemical significance of these interactions has
not been addressed.

Our research currently is focused on the biochemical function
of KNT1 at the cellular level. As a first step, we characterized the
biochemical function of the MEINOX domain of KN1 and found
that it interacts with a TALE HD protein, knotted interacting
protein (KIP). KIP is homologous to the BELL family of TALE
HD proteins in Arabidopsis. The MEINOX domain of KN1
interacts with a conserved N-terminal domain in KIP. To address
the biochemical function of this association, we identified the
DNA-binding motifs of KN1 and KIP and demonstrate that
these proteins bind with high affinity to the TGACAG(G/C)T
sequence only as a complex, suggesting that the interaction of
KNOX and BELL proteins is important for transcriptional
activation and/or repression.

Abbreviations: kn1, knotted1; rs1, rough sheath1; Ig3, liguleless3; KIP, knotted interacting
protein; STM, SHOOTMERISTEMLESS; MEIS, myeloid ecotropic viral integration site; PBX,
pre-B cell homeobox; TALE, 3-aa acid loop extension; SAM, shoot apical meristem; EMSA,
electrophoretic mobility-shift assay; BELL, BEL-like protein; MID, MEINOX interacting do-
main; GST, glutathione S-transferase; WT-DNA, wild-type DNA; MT-DNA, mutant DNA; BD,
binding domain; HD, homeodomain; AD, activation domain; SAAB, selection and amplifi-
cation binding assay; dsDNA, double-stranded DNA.

Data deposition: The sequence of kip reported in this paper has been deposited in the
GenBank database (accession no. AY082396).
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Materials and Methods

All chemicals were obtained from Sigma unless otherwise noted.
All oligonucleotides were synthesized at Operon Technologies,
Alameda, CA. Alignments were performed by DNA STAR. All
sequencing was performed at the University of California,
Berkeley DNA Sequencing Facility. For information on plasmid
construction, recombinant protein purification, and sequences
of electrophoretic mobility-shift assay (EMSA) oligonucleotides
see additional Materials and Methods, which are published as
supporting information on the PNAS web site, www.pnas.org.

Yeast Two-Hybrid Screen. All plasmids were transformed into the
yeast strain pJ694A4 by using the lithium acetate method (35) then
plated on the appropriate selection media. Western blot analysis
using KN1 antibodies demonstrated that the GAL4-BD-
MEINOX domain (where BD is the binding domain) was
expressed in yeast (data not shown). The yeast two-hybrid screen
was performed as described by the HYBRIDZAP 2.1 protocol from
Stratagene. Plasmids were isolated from the four positive
yeast colonies by using the RPM Yeast Plasmid Isolation Kit
(Q-BIOgene, Carlsbad, CA), then transformed into DHS5c.
After transformation, plasmids were purified by using the Qia-
gen (Chatsworth, CA) Miniprep System and sequenced.

To identify the domain in KIP that associates with the
MEINOX domain of KNI, regions of kip were cloned into
pAD-GAL4 (Stratagene) and transformed into pJ694A4 contain-
ing the pGAL4-BD-MEINOX and plated on Trp— and Leu—.
Yeast colonies containing both GAL4 plasmids were plated on
His—/Ade— selection media to identify a domain(s) in KIP that
interacted with the MEINOX domain in KN1.

Coimmunoprecipitation Assays. To efficiently synthesize KIP in
vitro with the TNT wheat germ extract system, we created a
construct missing the first 42 aa but containing the MEINOX
interacting domain (MID) and HD, *KIP43_3¢0.

For coimmunoprecipitation assays, (i) 50 ng of the full-length
purified recombinant protein was mixed with 10 ul of radiola-
beled KN1 or KIP, for 2 h at 4°C in 100 ul PB buffer (20 mM
TrissHCl, pH 7.5/50 mM NaCl/25 mM KCl/0.2% Triton
X-100/1% BSA), (ii) 100 ng of monoclonal T7 antibodies
(Novagen) and 50 ng of polyclonal glutathione S-transferase
(GST) antibodies were added to the binding reaction for 2 h at
4°C, (iii) 10 pl protein A and G-coated magnetic beads (Dynal,
Great Neck, NY) were added to the binding reaction for 1 h at
4°C, and (iv) the beads were pelleted and washed five times in PB
buffer. The bound proteins were eluted with 25 ul of SDS-
loading buffer (50 mM TrissHCI, pH 6.8/100 mM DTT/2%
SDS/0.1% bromophenol blue/20% glycerol) then separated by
10% SDS/PAGE. The gels were dried and developed for 24 h by
autoradiography using standard methods (36).

Selection and Identification of the KN1 DNA-Binding Sequence. To
synthesize a pool of degenerate double-stranded DNA (dsDNA),
a single-stranded, 60-bp oligonucleotide [selection and amplifi-
cation binding assay (SAAB) oligo] was synthesized (5'-
GAGAGGATCCAGTCAGCATG(N),CTCAGCCTCGA-
GAATTCCAA-3') that contained 20 degenerate nucleotides
flanked by 20-bp PCR primer binding sites. In addition, 3" and
5’ primers were synthesized that were complementary to the
PCR primer binding sites. BamH1 and EcoR1 restriction en-
zymes sites (underlined) were located on the 5’ and 3" PCR
handles, respectively. The 3’ primer was annealed to the SAAB
oligo, and Klenow fragment (Panvera/Takara, Madison, WI)
was used to synthesize a pool of dsSDNAs. The SAAB was used
to identify the KN1 DNA-binding motif as described (18).
Twenty five clones identified in the screen were sequenced (see
Fig. 3).
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EMSA. In EMSA, recombinant expressed and purified proteins
were mixed with 50,000 cpm of wild-type DNA (WT-DNA) or
mutant DNA (MT-DNA) probes, 2 pg of poly [d(I-C)] in 1X
EMSA buffer (10 mM Tris'HCI, pH 7.6/75 mM NaCl/0.5 mM
DTT/0.5 mM EDTA/1 mM MgCl,/5% glycerol/0.15% NP-40)
for 30 min at 4°C in a 20-ul reaction volume. After binding,
samples were analyzed by EMSA using 0.5X Tris-borate-EDTA
polyacrylamide gels. KN1 and KN1-KIP heterodimers were
analyzed on 4% polyacrylamide gels (80:1 ratio of acrylamide to
bis-acrylamide), and GST-HDKIP was analyzed on 5% poly-
acrylamide gels (40:1 ratio of acrylamide to bis-acrylamide).
After electrophoresis, the gels were dried, developed for 10-14
h, and analyzed by autoradiography.

Results

The MEINOX Domain of KN1 Interacts with a TALE HD Protein in a Yeast
Two-Hybrid System. Because MEIS and PBX depend on each
other for function (32), we hypothesized that KN1 function may
also depend on an interacting factor, possibly a TALE HD
protein. Given that the interaction of MEIS and PBX occurs
through the MEINOX domain of MEIS and a conserved domain
in PBX (18, 19, 26), we sought to determine whether the
MEINOX domain of KN1 functioned in a similar manner. The
MEINOX domain was fused in-frame to the DNA BD of GAL4
(pGAL4-BD-MEINOXo7-193) and a yeast two-hybrid library,
prepared with mRNA isolated from maize inflorescence mer-
istems where KN/ is expressed, was screened. This library was
fused to the activation domain (AD) of GAL4. Of the 1 X 10°
transformants screened, only four colonies grew on selective
His—/Ade— media. Isolation and sequencing of these four
library plasmids showed that these clones were identical. We
refer to this clone as KIP.

To confirm the interaction between KN1 and KIP, we re-
transformed the pKIP-AD-GAL4 library clone into pJ694A cells
expressing pGAL4-BD-MEINOX and full-length KN1 fused to
the GAL4-BD (pGAL4-BD-KN1). The results showed that KIP
interacted with the MEINOX domain as well as with KN1 (Fig.
1A4). In addition, pJ694A transformed with only pKIP-AD-GALA4,
pGAL4-BD-MEINOX, or pGAL4-BD-KNI did not grow on
His—/Ade— selective media, indicating that these proteins do
not autoactivate transcription of the selective marker genes used
in our screen (Fig. 1A4).

To obtain a full-length kip cDNA, we screened a maize
vegetative meristem cDNA library and identified a slightly
longer clone that contained four stop codons in-frame with the
first methionine of the predicted protein sequence (data not
shown). Sequence analysis showed that the two-hybrid cDNAs
were all missing the first 9 bp of the predicted ORF (data not
shown). The size of this clone is 1.4 kb, which is similar in length
to the kip hybridizing transcripts determined by RNA gel blot
analysis (data not shown). In addition, Southern blots showed
that kip is a single copy gene that maps to chromosome 1L
between restriction fragment length polymorphism markers ias7
and tbpl.

Sequence analysis showed that kip encodes a 365-aa polypep-
tide related to the BELL HD proteins in Arabidopsis (Fig. 1C;
ref. 37). The HD of KIP contains the 3-aa extension loop, PYP
motif (Fig. 1D), which is a characteristic feature of TALE HD
proteins (16). Sequence alignment by CLUSTAL X of KIP and the
Arabidopsis BELL proteins showed KIP to be 72-85% identical
to these proteins in the HD (Fig. 1D).

The MEINOX Domain of KN1 Interacts with a Conserved Region in the
N Terminus of KIP. To determine the region(s) in KIP that were
necessary for interaction with the MEINOX domain of KN1, we
tested whether the N-terminal or C-terminal halves of KIP could
interact with the MEINOX domain in the yeast two-hybrid
system. Results show that only the N-terminal region, which does
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Fig. 1. Yeast two-hybrid and sequence alignments. (A) KIP interacted with
the MEINOX domain (M) of KN1 and full-length KN1. (B) Interaction of the
MEINOX domain with KIP depended on both conserved regions, M1 and M2,
in the N terminus (N) of this protein. (C) The amino acid sequence of KIP
showing M1 and M2 of the MID (blue) and HD (red). (D) Alignment of the HD
sequences of KIP and BELL proteins of Arabidopsis. (E) Alignment of the MID,
M1 and M2, in KIP and the Arabidopsis BELL proteins. The following GenBank
accession numbers were used: BEL1, U39944; BLH2, AF173816; ATH1, X80126.

not contain the HD, interacted with the MEINOX domain (Fig.
1B). Sequence alignment of the N termini of KIP and the
Arabidopsis BELL proteins revealed two regions of conservation
(Fig. 1E; M1 and M2). We tested whether or not M1 or M2 could
interact with the MEINOX domain and found that neither
region alone was sufficient (Fig. 1B). However, when we tested
the region that contained both M1 and M2 we found that this
domain was sufficient and necessary for interaction with the
MEINOX domain (Fig. 1B). Conservation of M1 and M2 in
BELL proteins (Fig. 1E) strongly suggests that the function of
this domain is to interact with the MEINOX domain in KNOX
proteins. In fact, the M1 and M2 regions in BELI, also known
as SKY and BELL domains, respectively, were shown to interact
with KNAT1 and KNAT3 (33). Therefore, we refer to this region
as MID.

KN1 and KIP Interact in Vitro. To confirm our yeast two-hybrid
studies, we performed an in vitro binding/coimmunoprecipita-
tion assay, using recombinantly expressed and purified KN1 and
KIP proteins. Protein fusion tags were used in our experiments
to not only affinity-purify KN1 and KIP, but to immunoprecipi-
tate them as well. Full-length KN1 (T7-KN1) and KIP (T7-KIP)
contained an N-terminal T7 epitope tag and a C-terminal 6X
histidine tag. These proteins were purified from soluble bacterial
extracts by Ni chromatography. The N- and C-terminal regions
of KN1 and KIP were cloned in-frame with GST for glutathione
affinity chromatography. The N-terminal GST fusions of KN1
(GST-NKN1) and KIP (GST-NKIP) contained the conserved
MEINOX domain and MID, respectively. The C-terminal GST
fusions of KN1 (GST-HDKNT1) and KIP (GST-HDKIP) con-
tained the HDs.

Fig. 24 shows the in vitro-translated 33S-methionine (Met)-
labeled KN1 and *KIP43_360 proteins that were separated by
SDS/PAGE and analyzed by autoradiography. In our binding
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Fig. 2.  In vitro binding studies with KIP and KNOX proteins. (A) In vitro-
synthesized [3°S]Met-KN1 and KIP were analyzed by SDS/PAGE. (B and C)
Coimmunoprecipitation was used to analyze the interaction of KIP and KN1.
The ligand blot assay used in our experiments has been described (49, 50).
About 1 nug of each protein fusion as well as GST and BSA controls were
separated by SDS/PAGE (D) and blotted to nitrocellulose. After the proteins
were denatured and renatured, the blots were probed with 20 ul of [35S]Met-
KIP in renaturation buffer for 4 h at 4°C, gently shaking. Blots were washed in
Tris buffer solution plus 0.05% Tween 20 (49), air-dried, developed for 12 h,
and analyzed by autoradiography (E).

reaction, radiolabeled KN1 and KIP were mixed with purified
KIP and KNT1 fusion proteins, respectively. T7 antibodies were
used to immunoprecipitate full-length KN1 and KIP, and GST
antibodies were used to immunoprecipitate the GST N- and
C-terminal fusion proteins of KN1 and KIP. In Fig. 2B, [**S]Met-
*KIP43-360 coimmunoprecipitated with T7-KN1 and GST-
NKN1, wherecas minimal interaction was detected with GST-
HDKN1. Coimmunoprecipitation results also demonstrate that
[>3S]Met-KN1 interacted with full-length KIP and N-GSTKIP
whereas less association was detected with GST-HDKIP (Fig.
2C). In control experiments, neither radiolabeled protein inter-
acted with GST or could be immunoprecipitated with T7 (Fig.
2 B and C). Also, GST antibodies could not immunoprecipitate
the radiolabeled proteins (data not shown). These in vitro
binding results demonstrate that the N-terminal regions of KN1
and KIP are sufficient for interaction and support our results
from the yeast two-hybrid experiments (Fig. 1).

KIP Has a Higher Affinity for KN1 than RS1 and LG3. Given that other
knox genes, such asrs/ and /g3, are expressed in maize meristems
(2), we asked whether KIP could also interact with these
proteins. To address this question, we used a ligand blot assay in
which recombinant purified fusion proteins were separated by
SDS/PAGE, blotted to nitrocellulose, and probed with
[*>S]Met-*KIP43_360. GST N-terminal fusions that contained the
MEINOX domains of KN1 (GST-NKN1), RS1 (GST-NRS1),
and LG3 (GST-NLG3) were prepared (Fig. 2 D and E). In
addition, we tested whether or not labeled KIP could interact
with “full-length” KN1 and GST-HDKNI1. Ligand blot analysis
demonstrated that [>>S]Met-*KIP,3_350 bound to KN1 and GST-
NKNI1, whereas little or no interaction was detected with GST-
HD, GST, and BSA (Fig. 2F). Interestingly, there was little
association of [¥S]Met-*KIP43 360 with GST-NRS1 or GST-

PNAS | July9,2002 | vol.99 | no.14 | 9581

PLANT BIOLOGY



l. 5' GAGGTACCCCACGAGACAGCGC 3’

2. 5' GTGACAGGTGACGTGTTAGGGC 3’

3. 5 GTAGCGAGCCGCCCGACAGGECT 3

4. 3' GCCGTGACAGGTGACGTGETGAC 3'*

5. 5' TGACAGGTGACGCAACGTGTCA 3’

6. 3' GCCGTGACAGGTGACGTGETGAC 3'¥

7. 5' GTGACAGGTGCAGTGTGACAGC 3’ (two sites)

8. 5' TGACAGCTGACAGGTCGGTCAC 3’ (two sites)

9. 5' ACCAGAGACAGGTETGACAGCT 3°

10. 53' GCCGETTGACAGGTCGAGACAC
TGETCACAGTACTGTGACAGCT 3

11. 5
12 5°
13 B
14. 5
15 5F
3
5
5
5

GACAAGTGACAGGTGCTGTCAC
GCCETEACAGGTCGACGTGETGAC
GGCTTCACAGETCACGACGTGC
GCCGTCACAGETGACGTETEAC 3w
GGTGACAGGTGACAGCTETCAC 3’ (three sites)
Y GTGCTGACAGGCCACTGTCACC 3‘ (two sites)

¥ TCAAGACAGGTACCTGACAGCT 3’ (two sites )
GEGTCGAGACAGGAGGGGACAC 37

W

Wl W

16.
17.

18.
18.

20. 53' TGACAGGCCOGTCAGAAGGGGAG 3’
21. 5' GTCACACGATGACAGGTGTCAC 3'
22. 3' GATGACATGTGACAGSTCCGTC 3'
23. 5' GCTGTGACAGGTGACGTGTGAC 3'
24. 5' GCCGTGACAGGTGACGTGTGAC 3'*
25. 5' GIGACAGGCCTGAGGTATACCA 37

Consensus sequence for KN1 DNA-binding sequence:
5" TGACAG(G/O)T 3°

Fig. 3. Selection and amplification of the KN1 DNA-binding motif. In some
cases more than one DNA motif was found on SAAB clone. * designates
identical SAAB clone.

NLG3 (Fig. 2E), suggesting that KIP has an apparent higher
affinity for KN1 than the other KNOX proteins.

Identification of the KN1 DNA-Binding Motif. Because KN1 and KIP
encode HDs, the expectation exists that they bind to specific
DNA sequences. We therefore sought to identify the DNA-
binding motifs for KN1 and KIP to determine how the interac-
tion of KN1 and KIP affected DNA binding.

The SAAB was used to biochemically identify the DNA-
binding motif for KN1 (18, 38). A pool of dsSDNA molecules was
synthesized, containing two 20-nt PCR primer binding sites at
the 5" and 3’ ends of each molecule separated by 20 degenerate
nucleotides. Purified T7-KN1 was incubated with the dsDNA,
and the DNA-protein complexes were immunoprecipitated with
T7 mAbs. With the 5" and 3’ primers, the eluted DNA molecules
were amplified by PCR. The amplified DNA molecules were
then mixed with purified T7-KN1 for another round of selection
and amplification. This cycle was repeated six times to enrich for
KN1 DNA-binding sites, and the final amplified DNA products
were cloned and sequenced. In a control experiment in which T7
antibodies were mixed with the dsDNA, we were unable to
immunoprecipitate and amplify any DNA, demonstrating that
the T7 antibodies do not bind to DNA (data not shown). The
DNA-binding motif identified for KN1 was identical to the MEIS
binding site, TGACAG(G/C)T (Fig. 3; ref. 18).

KN1 Binds Specifically to the TGACAG(G/C)T Sequence. To verify the
SAAB results from above, EMSAs were used to investigate the
DNA-binding ability and specificity of KN1. Complementary
oligonucleotides were synthesized for clone 15 (WT-DNA; Fig.
4), which contained the TGACAGGT binding motif. Studies in
animals showed that the second nucleotide, G, in the MEIS
binding motif is critical for DNA association and changing it to
cytosine reduced most of the MEIS-DNA interaction (18).
Therefore, to determine specificity, we synthesized complemen-
tary oligonucleotides that contained a cytosine at position 2 and
an adenine at position 8 (MT-DNA) in clone 15 so that the
mutated binding motif had the following sequence, TCA-
CAGGA (Fig. 44). To reconstitute DNA binding in EMSA, we
used high concentrations (at least 100 ng) of T7-KN1 protein. At
these concentrations, T7-KN1 bound to the WT-DNA probe,
whereas little DNA-binding activity was detected with the
MT-DNA probe (Fig. 4B, lane 3 and 4).
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EMSA probes:

WT-DNA matif TGACAGGT

MT DNA motif TCACAGGA

MEIS1: ILOVNNWFINARRRIVOQP
KNl: DEQINNWF INQRERHWEP
KIP: RSQVSNWF INARVRLWEFP
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Fig. 4. EMSA analysis of purified T7-KN1 and GST-HDKIP. (A) WT-DNA and
MT-DNA binding sites were used as probes. (B) T7-KN1 was incubated with
WT-DNA probe (W) or MT-DNA probe (M). (C) The third helices in the HDs of
MEIS, KN1, and KIP were aligned. (D) In EMSA, GST or GST-HDKIP was incu-
bated with W or M probes. (B and D) DNA-binding specificity for T7-KN1 and
GST-HDKIP were determined by competing with unlabeled WT-DNA (W) or
MT-DNA (M), at 5-, 50-, and 500-fold molar excess over labeled probe.

To verify the specificity of the DNA binding, increasing
amounts of unlabeled WT-DNA or MT-DNA were added to the
binding reaction. Our results show that unlabeled WT-DNA
competed for DNA binding, whereas the MT-DNA competitor
had little effect (Fig. 4B, lanes 5-10). When other clones such as
5, 10, and 14 were used as probes in EMSA, we found that
T7-KN1 specifically bound to these probes with equal intensities
(data not shown), showing that the nucleotides surrounding the
TGACAG(G/C)T binding sequence are not important for bind-
ing of the T7-KN1 protein. Lastly, recombinant KN1, which does
not contain a T7 or His tag, specifically associated with the
DNA-binding motif (data not shown), demonstrating that these
tags are not involved in DNA binding. The addition of KN1
antibodies to the binding reaction resulted in supershifted
DNA-protein complex in EMSA whereas control sera had little
effect on the mobility of the KN1-DNA complex (data not
shown). Therefore, we conclude that KN1 specifically binds to
the TGACAG(G/C)T sequence.

The HD of KIP Specifically Recognizes the KN1 DNA-Binding Motif. The
third helix of HD proteins contains the conserved WF_N se-
quence. Based on biochemical and structural studies, variability
in the amino acid that occupies the third position in the WF_N
sequence is important for determining the DNA-binding se-
quence specificity (39). MEIS, KN1, and KIP all contain the
WFIN sequence in the third helix (Fig. 4C), and because MEIS
and KN1 specifically recognize the TGACAG(G/C)T sequence,
KIP may associate with this motif as well. We investigated this
possibility by using EMSA, but we could not reconstitute DNA
binding with a full-length T7-KIP, because this protein was
insoluble and expressed at low levels in bacteria (data not
shown). Although we were able to purify small amounts of
T7-KIP, we did not detect DNA binding at low concentrations
(Fig. 54, lanes 2 and 5). Studies in animals have demonstrated
that the HD alone binds to its appropriate DNA-binding motif
(15). Therefore, we used the GST-HDKIP to address whether or
not KIP can associate with the KN1 DNA-binding motif.
Reconstitution of DNA binding with 200 ng of GST-HDKIP
demonstrated that the HD of KIP bound to the WT-DNA probe,
whereas little association was detected with the MT-DNA (Fig.
4D, lane 3 and 4). Fig. 4D shows that GST doesn’t bind to either
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Fig.5. EMSA analysis of the KN1-KIP complex. (A) DNA-binding assays were
performed with 1 ng or 10 ng of KN1 or T7-KIP alone. KN1 and T7-KIP were
mixed together in DNA binding assays at 1 ng or 10 ng of each protein per
reaction. DNA-binding specificity was determined by competing with unla-
beled WT-DNA (wt comp) or MT-DNA (mt comp), at 10- and 100-fold molar
excess over labeled probe. (B) Antibodies to KN1 (a-KN1) or the T7 epitope
(a-T7) were added to the DNA-binding reaction. As a control, preimmune
(a-pre) sera were also added to the KN1-KIP DNA-binding reaction. Mixing 100
ng GST with 10 ng KN1 or 10 ng of KIP did not form a DNA-binding complex.

DNA probe. In competition experiments, unlabeled WT-DNA
competed for DNA binding, whereas unlabeled MT-DNA had
little effect (Fig. 4D, lanes 5-10). The addition of GST antibodies
to the binding reaction reduced the mobility of the GST-
HDKIP-DNA complex in EMSA, whereas control sera had no
effect on the mobility of this complex (data not shown). These
results indicate that the HD of KIP specifically interacts with the
KN1-binding motif.

The KN1-KIP Complex Binds to the TGACAGGT Sequence with a Higher
Affinity than KN1 and KIP Alone. To determine how the interaction
of KN1 and KIP could affect DNA binding to the TGACAGGT
sequence, we performed DNA-binding experiments combining
KN1 and KIP proteins. Fig. 54 shows that at low concentrations
of full-length KN1 (lanes 1 and 4) or T7-KIP (lanes 2 and 5), we
were unable to reconstitute DNA binding. However, when low
concentrations of KN1 and T7-KIP were incubated together with
WT-DNA probe, we detected association (Fig. 54, lanes 3, 6, and
10). No association was detected with MT-DNA probe (Fig. 54,
lane 11). In competition experiments, only the unlabeled WT-
DNA reduced the binding, whereas MT-DNA had little effect
(Fig. 54, lanes 12-15). Interestingly, lower concentrations of
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competitor could compete for binding with the KN1-KIP com-
plex than with KN1 or GST-HDKIP alone.

To confirm that KN1 and KIP were cooperatively binding to
the TGACAGGT motif, antibodies directed against KN1 or the
T7 epitope tag (found only on KIP) were added to the DNA-
binding reaction. In EMSA, KN1 and T7 antibodies reduced the
mobility of the DNA-protein complex (Fig. 5B, lanes 4 and 8),
whereas control sera had no effect on the mobility of the
DNA-protein complex (Fig. 5B, lanes 5 and 9). In addition, when
low concentrations of KN1 or KIP were mixed with GST, no
DNA-protein interaction was detected by EMSA (Fig. 5B, lanes
3 and 6). Taken together, these results demonstrate that a
KN1-KIP complex binds specifically to the TGACAGGT se-
quence with an apparent high affinity.

Discussion

We have found that KN1 interacts with KIP, a member of the
BELL family of plant TALE HD proteins. This association is
mediated by a conserved MEINOX domain in KN1 and MID in
KIP. Because the MEINOX domain is required for interactions
among TALE HDs in animals and plants, the results demon-
strate that the biochemical function of the MEINOX domain is
evolutionarily conserved. In vitro binding studies suggest that
KIP may selectively bind to KN1 rather than to other KNOX
proteins in the SAM. This observation is also supported by the
fact that [»S]Met-KIP selectively binds to STM, the KN1
ortholog, with a higher affinity than to KNAT1 or KNAT2 in
Arabidopsis ligand blot assays (unpublished data). In Arabidopsis,
BEL1 may also selectively bind to a subset of KNOX proteins
(33). Taken together, these studies strongly suggest that the
interaction of KNOX and BELL proteins depends on not only
overlapping expression patterns but also on the ability of these
proteins to physically associate with one another.

Although KNOX-BELL interactions have been described in
Arabidopsis (33) and barley (34), the biochemical function of this
interaction was not addressed. Because DNA recognition and
binding are initial steps in gene regulation, we examined how the
interaction of KN1 and KIP affects DNA binding. We explored
this question by using in vitro DNA-binding assays. As a first step,
we identified the KN1 DNA-binding motif and found that both
KNT1 and the HD of KIP bound specifically to this motif with low
affinity. Moreover, we showed that cooperative interaction of
KN1 and KIP dramatically increased the DNA-binding affinity,
suggesting that selective interaction of KNOX and BELL pro-
teins could be important for gene regulation. Until KN1-KIP
target genes are identified and thoroughly characterized, we
cannot, at the present moment, address in vivo function of this
TALE complex. Nevertheless, analysis of the KN1-KIP complex
in vitro is essential toward functional studies in vivo.

In animals and yeast, TALE HD proteins form complexes that
cooperatively bind to their appropriate DNA-binding motifs
with high affinity, whereas the monomeric forms bind with low
affinity (17-21, 26, 40). Moreover, these in vitro DNA-binding
observations correlate with in vivo function (41, 42). Combina-
torial interaction of TALE HD proteins appears to not only be
evolutionarily conserved but might be necessary for regulatory
control of developmental pathways. Therefore, because the
interaction of KN1 and KIP dramatically increases the DNA-
binding affinity similar to other heterodimeric TALE-TALE
HD interactions, it suggests that association of KNOX and BELL
proteins might be important steps in controlling developmental
pathways that are crucial for SAM function.

Analysis of the third helix of the HD shows that amino acid
residues, WFIN, involved in DNA recognition, are conserved in
all MEINOX containing proteins in plants and animals, as well
as the BELL family in plants. These results suggest that all
KNOX and BELL proteins bind to the same DNA-binding motif.
Previous studies have identified DNA-binding sites for other
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KNOX proteins in barley (43), tobacco (44), and rice (45) that
share some similarity with the KN1 binding site. In fact, the
TGAC half site is absolutely conserved in all of the above studies.
This half site is also critical for DNA binding of the MEIS
protein. Slight variations in these TALE HD DNA-binding
motifs suggest that the 3’ end of the binding site has less effect
on binding than the 5" end of the sequence. Because the WFIN
sequence is conserved in MEIS and KNOX proteins, and the
TGACAG(G/C)T sequence was selected for MEIS1 (18) and
KN1 (Fig. 3), we suggest that this DNA sequence is more
efficiently recognized by these classes of TALE HD proteins.

Genetic and molecular studies have shown that KNOX pro-
teins function in the SAM; however, the function of BELL genes
in the SAM is unclear. The bell mutant in Arabidopsis is the only
characterized mutant from this gene family, and its defect
suggests that it functions in ovule development (37). Interest-
ingly, although bell mutants produce a similar number of
internodes as WT, the inflorescence meristem will sometimes
terminate with carpelloid structures (46). This observation sug-
gests that BELI may function in the SAM, and recent studies
have shown that BELI is expressed at low levels in this tissue as
well (33).

Expression analysis suggests that KN1 and KIP could interact
in the SAM (Fig. 6, which is published as supporting information
on the PNAS web site). Interestingly, kip is also expressed in
young leaves where knl is not expressed (Fig. 6). It is also of
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interest that BELI is expressed in leaves, too, yet there is no
obvious effect in bell mutant leaves (37).

As a model, we propose that KNOX-BELL interactions form
a basic transcriptional unit that is important for specifying cell
fate in the meristem. Our results strongly indicate that all KNOX
and BELL proteins recognize the same DNA-binding motif;
however, genetic and molecular evidence in Arabidopsis suggests
that STM and KNAT1 control different developmental pathways
(3, 4, 47). Even if there is functional overlap between these two
knox genes, it is difficult to explain how they control different
pathways (i.e., target genes) yet bind to the same DNA sequence.
In animals, MEIS-PBX heterodimers can also serve as cofactors
for a subset of typical HD proteins (HOX) (32). HOX proteins
bind to DNA with low affinity and specificity as monomers;
however, a trimeric complex of MEIS-PBX-HOX is essential for
in vivo function and high affinity DNA binding (26, 41, 42, 48).
Therefore, we speculate that KNOX-BELL complexes could
function as cofactors for plant HOX proteins to control cell fate.
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